Abstract-The efficiency of electric powertrains is of great importance for the electrification of transport. In this paper, the efficiencies of two different powertrains are compared. The first design uses a traditional pulse-width modulation (PWM) battery-powered inverter with a high voltage battery pack. In the second case, the battery is connected to a bidirectional DC-DC converter and a variable DC voltage is produced and fed into the inverter. These two systems are respectively referred to as S1 and S2. Both systems are used to power the same surface mounted Permanent Magnet Synchronous Motor (PMSM) and are designed to operate a class 4 delivery truck. The truck is designed to be driven by one motor attached to each rear wheel assembly. Furthermore, the efficiency maps of these systems are examined in the context of a standard drive cycle for a delivery truck.
I. INTRODUCTION
The main goal of this paper is to compare two alternative drive systems for an electric delivery truck. The first design uses a traditional pulse-width modulation (PWM) battery powered inverter (S1, Figure 1 ) and the second one uses a bidirectional DC-DC converter to feed the inverter with a variable DC voltage (S2, Figure 2 ). The DC-DC converter uses a Half Bridge topology. The efficiency of different subsystems and the quality of the waveforms produced by each system are evaluated. Most importantly, the efficiency of these systems are compared in the context of a drive cycle that is appropriate for a delivery truck. Furthermore, the operating regions where each system is most effective are explored. Finally an assessment is made with respect to the effectiveness and practicality of S2 for class 4 delivery trucks.
II. LITERATURE REVIEW

A. General Applications
Applications of DC-DC converters for traction purposes have been studied extensively. In this section, the main focus is on research investigating the applications of Half Bridge topology. Many solutions have been proposed to connect different Energy Storage Systems (ESS) to the main traction inverter by using DC-DC converters. Some options for the ESS are batteries, Ultra Capacitors (UC), Fuel Cells (FC), Photovoltaic Cells (PVC) and Internal Combustion Engines with Electric Generators. [1] - [8] present many of these options and discuss various aspects, such as the control and life cycle of different ESS options for electric vehicles (EVs), hybrid electric vehicles (HEVs), and plug-in HEVs (PHEVs). The goal of most of these systems is to combine the desirable characteristics of different energy sources. For example, batteries have high energy density and low power density, whereas UCs have low energy density and high power density, and FCs have low efficiency at low loads. Due to these characteristics UCs can supply loads and recapture energy during fast and high power operations, such as acceleration and regenerative braking. During low load operations the battery can supply steady power, and at sustained high load operations the FCs can be the main source of power. This strategy takes advantage of all three ESS and can lengthen the life of the battery [9] . However, very few of these papers focus on the analysis of the system efficiency for specific vehicle class applications. For example, [10] focuses on a two phase interleaved version of S2 for the reduction of torque ripple and [11] , [12] demonstrate the benefits of variable voltage drive in terms of efficiency and power quality for a low power application. In order to expand the current body of work, the focus of this paper is on the efficiency and power quality analysis of a high power system for a class 4 delivery trucks, having a Gross Vehicle Weight Rating (GVWR) between 14,001 and 16,000 lb (6351-7257 kg). Furthermore, the system is evaluated in the context of a drive cycle appropriate for these types of vehicles.
B. Control Strategy and Benefits
In a traditional traction drive, like system S1, the phase voltage of the PMSM is increased proportionally to the desired speed when operating below the base speed. Above the base speed, the voltage is maintained at the rated value. In the beginning, ramping up the phase voltage is achieved by increasing the modulation index of the inverter. Unfortunately, the inverter does not have the same performance at all modulation indices and is more efficient at higher indices [11] , [12] . In order to achieve higher speeds, an over modulation strategy could be used in the constant power region.
In system S2, the DC bus voltage itself can be varied. Therefore, the modulation index of 1 can be maintained for a wider rage of operating speeds in order to optimize the efficiency of the inverter, while the DC-DC converter is used to vary the voltage according to the motor speed. When the speed is very low this methodology is not feasible since the boost converter cannot lower the DC bus voltage below the battery voltage. Consequently, at very low speeds traditional control algorithms are used [11] , [12] . Figures 3 and 4 illustrate the two control strategies, demonstrating a larger range of operating speeds for which the modulation index is 1 under S2 control strategy.
The two main advantages of operating the inverter at its optimal modulation index are:
1) The inverter and motor efficiency are increased (mainly before the base speed) [11] - [16] . 2) The phase current ripple is lowered which results in lower torque ripple and a more efficient operation of the motor (mainly before the base speed) [11] , [12] , [17] .
The major disadvantages of this system are:
1) Increased cost and complexity, with reduced reliability [11] . 2) Introduction of DC-DC losses to the system [11] .
It is important to keep in mind that even though DC-DC losses have been introduced in the system, the global efficiency in certain regions may still improve due to the increased efficiency of the motor and the inverter.
III. DESIGN & METHODOLOGY
Design of the DC-DC system began with an examination of the operation of S1. The original system operates at 400 Volts DC. In order to increase the effect of the variable voltage control, the battery voltage should be reduced to extend the region with a modulation index of 1. However, lower battery voltage requires the DC-DC to have higher boosting capability, which results in larger sizes for passive components (capacitor and inductor) [18] , [19] . Furthermore, due to the parasitic elements, boost converters will not have the same behavior for all duty cycles. At higher duty cycles their boosting capabilities are reduced [18] . To avoid these two issues it was decided to design the DC-DC with a 200 V battery, which is half of the S1 voltage. In order to obtain the efficiency map of S2, the variable voltage control strategy was applied to the inverter and the load seen by the DC bus was determined. Afterwards, the determined load was applied to the DC-DC and its efficiency was simulated.
It is important to mention that the battery pack in design S2 is at a lower voltage, but it is composed of the same number of modules as S1 and thus contains the same amount of stored energy. The reason for this choice is to minimize the influence of the battery design on the global efficiency. As designed, the cells in each module carry the same rated current in both systems and the difference between the structures of the battery packs should not affect the comparison between S1 (Figure 1 ) and S2 ( Figure 2) . Table I summarizes some of the simulation design parameters for the DC-DC, inverter, and motor. 
A. Efficiency and Phase Current Distortion Simulation
The simulations of the power electronics are run in the Simulink environment. The motor model is linked to Simulink though Infolytica's MotorSolve and power electronics losses are simulated through PSIM. MotorSolve simulates the copper losses and the core losses of the PMSM, and PSIM simulates the switching and conduction losses of the IGBTs and diodes in the system. In the S2 case, the DC-DC losses in the inductor are also considered. Furthermore, based on the waveforms produced by MotorSolve, the Total Harmonic Distortion (THD) of the phase currents can be analyzed.
B. Vehicle Simulation
The Orange County Bus cycle (OCC) is used to simulate and compare the energy use of these two systems since it most accurately represents the daily usage of a delivery truck [20] . The drive cycle speed trace is shown in Figure 5 . The OCC cycle includes many starts, stops and short accelerations. The average driving speed during the cycle is 24.7 km/h and the maximum speed is 65.4 km/h. The average acceleration rate is 0.45 m/s 2 and the average deceleration rate is 0.63 m/s 2 . There is no elevation included in the cycle, which may cause an underestimation of up to 3% in vehicle energy use [21] .
The global efficiency maps created during the electrical system simulations and the vehicle parameters shown in Table I were imported into AVL Cruise, which is used to calculate the energy consumption during an OCC cycle for both systems. The vehicle architecture used to test these systems contains two motors, one attached to each rear wheel through a single-ratio reduction gearbox, as shown in Figure 6 . The system is implemented this way to allow for the use of the low power motor model without scaling the maximum motor torque (since the model has a maximum output of only 66 kW and more power is needed to move the delivery vehicle). The vehicle architecture of an electric delivery truck could be designed in a number of different ways or with larger motors.
IV. RESULTS & ANALYSIS
A. Efficiency Simulation
Figures 7 to 12 show that the high efficiency region of the inverter and the motor have increased for S2 in the low to mid-range RPM. The same observation is valid for the global efficiency. However, the global efficiency of S2 does not reach as high a peak level due to the inclusion of the DC-DC losses. Figure 14 shows the efficiency map of the DC-DC individually. The efficiency is very high at all operation points, mostly above 98%. In Zone 1 the DC-DC maintains the DC Bus at the battery voltage. Zone 2 is the transition from the fixed DC Bus voltage control to variable control. In this region a step like behavior is observed which is caused by the lack of data resolution in the x-axis prior to interpolation. In order to increase the resolution to a higher level many more data points are needed. To be able to achieve a reasonable simulation time it was decided to keep the resolution low, especially since all the values in Zone 2 fall within a narrow range. Finally, in Zone 3 the variable voltage control is applied. Figure 17 shows the operation points during the OCC. The majority of the operation points fall in the low to mid-range RPM, which makes the S2 system a desirable solution for this drive cycle. Figure 13 shows the percentage difference in the THD of the motors phase current between S1 and S2. A positive difference demonstrates a decrease in the waveform distortion and a negative value represents an increase in the waveform distortion. There has been an improvement in THD at speeds below the base speed and an increase in THD at high speeds. Depending on the drive cycle, this trade off could be desirable, as explained in the next section. Figure 15 shows the current waveforms at 80 Nm of torque and 3000 RPM. The waveforms in S2 are visibly less distorted since this operating point is at low RPMs. Figure 16 shows the current waveforms at 60 Nm of torque and 9000 RPM. Since this is a high RPM operating point, the waveforms in S2 are more distorted compared to S1. 
B. Phase Current Distortion Simulation
C. Vehicle Simulation
The energy consumption of system S1 during the OCC cycle was 587.8 Wh/km while system S2 used 582.3 Wh/km, a 0.94% improvement. The improvement in efficiency at low RPM with the DC-DC system was not enough to significantly overcome the loss in the DC-DC at some operating points. As shown in Figure 17 , the operation of the vehicle falls mostly in the portion of the torque-speed map that provides an advantage with S2. However, the points where the system does not provide an advantage are in particularly high power areas that have a large effect on overall efficiency. Figure 18 shows the energy use of both systems during the drive cycle simulation. While this shows there are minor differences in energy use of the two systems, the final difference is less than 1%.
As seen in Figure 13 , the total harmonic distortion varies between the two designs, with S2 being preferable in the lower RPM section of the operating map. The OCC cycle never reaches speeds greater than 70 km/h and with a maximum speed of 105 km/h, the delivery vehicle's motor will spend most of the time in this low RPM section. The THD during the cycle is reduced by an average of 2.8% during the cycle. This means that the torque ripples in the system will be reduced, and the driveability and smoothness of the vehicle will be improved.
V. FUTURE WORK
Future work on this project will include an analysis of the efficiency improvement during different drive cycles for the delivery vehicle, as well as cycles obtained from testing. This will determine whether the DC-DC unit will be advantageous in practice or whether the added initial cost and complexity outweigh the benefits. From the power electronics perspective, other DC-DC topologies should be explored and compared.
VI. CONCLUSION
It was demonstrated that a bidirectional DC-DC can slightly improve the efficiency of an electric drive, mainly at low and medium speeds, and can decrease the torque ripple of the motor below the base speed. The increased efficiency at low RPM with the DC-DC system wasn't enough to significantly overcome the reduction in peak efficiency of the system. Therefore, the improvement in efficiency is below 1%, which may not be enough to justify the added cost, complexity, and potential for failure of the DC-DC system. Energy Used (kWh) S1 S2 Fig. 18 . Energy used by both motors for S1 and S2 systems during the complete OCC cycle
